ABSTRACT This study reports the first preliminary results of the DYRESM-CAEDYM model application to a mid size sub-alpine lake (Lake Pusiano North Italy
INTRODUCTION
Many studies underline the significance of coupled hydrodynamics-ecological models in both limnological processes understanding and management of lacustrine environments (Hamilton & Schladow 1997; Omlin et al. 2001) as they allow simulating chemical and biological dynamics in a proper physical contest rather than under simplified conditions (such as continuously mixed condition or two box approximation).
The adaptation of a biogeochemical model for Lake Pusiano is a part of the Pusiano Integrated Lake/ catchment Project (PILE) which aims at understanding the hydrological and trophic relationships between lake and catchment through field data analysis and numerical models. The applied goal of the project is to support the restoration and the management plans of the lake ecosystem.
This preliminary study aims at presenting the state of the art of the biogeochemical model's development and at discussing the first model simulations of the 2002 limnological year.
STUDY SITE
Lake Pusiano is a mid-size (surface area 5 km 2 ) warm monomictic sub-alpine lake, with a maximum depth of around 24 m and a residence time less than one year. In terms of trophic conditions the ecosystem is characterized by phosphorus limitation (Legnani et al. 2005) . The limnological features of this environment have considerably changed during the last 30 years. In particular the trend of total phosphorus (TP) concentrations indicates a sharp decrease of this nutrient in the last 15 years (1984 winter overturn = 198 µg P l -1 , 2004 winter overturn = 67 µg P l -1 ). Despite this reduction of the TP concentrations since 1994 Lake Pusiano has suffered conspicuous cyanobacterial blooms. During 2002 the lake was strongly dominated by the filamentous cyanobacterium Planktothrix rubescens, whereas the following year the phytoplankton population shifted toward a more diversified condition with crysophytes and chlorophytes as dominant groups (Legnani et al. 2005) .
METHODS
In this study the physical and chemical-biological processes occurring on the Lake Pusiano at the seasonal scale have been simulated by coupling the hydrodynamics model DYRESM with the ecological model CAEDYM.
DYRESM (DYnamic REservoir Simulation Model) is a 1D -3D hydrodynamics model for predicting the vertical distribution of temperature, salinity and density in lakes and reservoirs at the seasonal or decadal time scales (Antenucci & Imerito 2002) . The model assumes that the horizontal density gradients quickly equilibrate horizontal parameter variations and that it is sufficient to keep track of only the vertical structure (1D approximation) and the lake may be represented by a series of horizontal layers of uniform property but variable thickness. These layers or slabs are assumed to be Lagrangian in nature and move vertically in response to inflows and outflows entering the lake structure either above or below a particular slab. The model accounts for surface hydrodynamics (balance of heat and momentum), inflow and outflow dynamics and internal mixing processes driven by external forcing mechanisms; in this sense it accounts for 3D processes, but retains only the memory of what these processes do to the vertical structure. The model uses as input forcing hourly or daily meteorological data (incident short wave radiation, long wave radiation, air temperature, wind speed, vapour pressure and rainfall), daily inflow and volumes, salinities and temperatures and outflow volumes. When the hydrodynamics model is coupled with CAEDYM the daily inflow concentrations of the water quality variables are also required.
CAEDYM (Computational Aquatic Ecosystem DYnamics Model) is a multivariable generalized ecological model, but in this application, only a subset of the algorithms was activated. These included algorithms to simulate the population dynamics of the main freshwater phytoplankton and zooplankton groups. Primary production and the influence of light availability, nutrients, temperature as well as grazing on phytoplankton constituted the basis for the phytoplankton-zooplankton model. The algorithms to dynamically simulate the airwater gas exchanges and the water-sediment fluxes (Romero et al. 2003) were also activated.
The current version of the Lake Pusiano ecological model was structured in order to simulate, with a daily time step, the following biogeochemical cycles: nitrogen and phosphorus dynamics, the dynamics of 2 phytoplankton groups (P. rubescens and the rest of the phytoplankton species aggregated in a single class G2) and of 1 zooplankton group (herbivores). For a complete description of the Lake Pusiano model readers are referred to Copetti (2005) and to Romero et al. (2003) for the CAEDYM code. The following model description focuses only on the phosphorus-phytoplankton submodel.
The phytoplankton dynamics was computed for each group (at a give time step and dynamic layer) with the following equation:
where Ai (µg Chl-a l -1 ) is the chlorophyll concentration of a given phytoplankton group (P. rubescens or G2 in this study), µ max (day -1 ) is the maximum growth rate at 20 °C in absence of limitation by nutrients and light, f I (I), f P (P) and f N (N) are limiting expressions for light, phosphorus and nitrogen respectively, f T (T) is a function for temperature dependence, L accounts for metabolic losses, G for grazing due to zooplankton and S for biomass losses due to settling.
The algorithm proposed by Wallas et al. (1996) was used to account for photo-inhibition, (Walsby 2001) , for P. rubescens:
where I (µmol m -2 s -1 ) is the incoming irradiance, I S (µmol m -2 s -1 ) represents the light saturation value at which production is maximal.
For the rest of the phytoplankton species (G2) a simple Webb type model was applied (Webb et al. 1974) :
where I k (µmol m -2 s -1 ) is the light intensity at which the photosynthetic ratio is equivalent to the maximum production.
The incident surface short wave radiation was supplied by the hydrodynamics model and was converted to photosynthetically active radiation (PAR; 400-700 nm) by assuming 45% of the incident spectrum was active (Jellison & Melack 1993) . The photosynthetic component was assumed to penetrate the water column according to Beer's Law:
is the radiance at a certain depth z, I 0 (µmol m -2 s -1 ) is the surface incoming radiation and
is the light extinction coefficient. In this study the light adsorption was dominated by the attenuation due to pure water and the presence of algae, so that the total K d could be computed with the following equation:
is the attenuation coefficient due to pure
) is the rate at which the extinction coefficient increases with increasing the chlorophyll concentration (A i , µg Chl-a l -1 ) and G i denote a given phytoplankton group. For both algal groups the phosphorus and nitrogen limitation function was assumed to be controlled by a dynamic internal nutrient process. The phosphorus function takes form as follows:
where IP max (mg P mg Chl-a -1
) and IP min (mg P mg Chla -1 ) are user defined bounds for internal phosphorus concentrations, IP (mg P mg Chl-a -1 ) is the actual internal phosphorus content at a given time step. The phosphorus uptake function was modeled with: where UP max (mg P mg Chl-a -1 day -1 ) is the maximum phosphorus uptake, PO 4 (mg P l -1 ) is the external dissolved reactive phosphorus concentration and K P (mg P l -1 ) is the half saturation coefficient. The temperature function ) (T f T included limitation at high temperature and was identical to that used for phytoplankton growth (see below).
A similar formulation was applied to nitrogen to ensure the uptake of both the external nitrate and ammonium concentrations were accounted for. As the system is phosphorus limited the description of the phytoplankton-nitrogen dynamics is not reported here.
The temperature function ) (T f T accounts for changes in growth rate due to temperature and was assumed to be given by:
where T (°C) is the water temperature, G ϑ is a non dimensional temperature multiplier prescribed by the user. By defining T opt , T max and T s the temperature at which
is maximal, zero and equal to 1 respectively, the model solves the equation which accounts for inhibition at higher temperatures [see Romero et al. (2003) , for details]. Loss processes (L) were simulated with a lumped term that included the effects of respiration, mortality and excretion:
where K R (day -1 ) is the "respiration" rate coefficient although it also includes the effects of mortality and excretion, R ϑ is a non-dimensional multiplier and T (°C)
is the water temperature. In the model a certain percentage (fixed by the user) of these metabolic losses (morality and excretion) goes into the Particulate Organic Matter (POM) pool and the remainder goes to the Dissolved Organic Matter (DOM) pool. Figure 1 shows schematically the fate of different dissolved and particulate phosphorus species as assumed in CAEDYM. Mortality due to grazing (G) was based on a Michaelis-Menten type equation (not shown). The model allows users to fix the preference of each zooplankton group for a given phytoplankton class (in terms of diet percentage). In this study, since P. rubescens is grazed only lightly by zooplankton (Kurmayer & Jüttner 1999) , the herbivores pressure was applied only to the G2 group. Biomass losses due to sedimentation (S) were simulated by applying a simple constant settling velocity equal to zero for the buoyant species P. rubescens (Walsby 1994; Omlin et al. 2001 ) and equal to 0.1 m day -1 for the G2 group. The PO 4 water sediment flux was simulated as a function of temperature and dissolved oxygen concentration at the water-sediment interface. Table 1 reports the principal model parameters for the Lake Pusiano application of CAEDYM.
In order to validate the model results a one year experimental campaign was carried out in 2002 during which time all input variables, required by DYRESM and CAEDYM were measured. Daily averaged meteorological data were supplied by the meteorological station of the Lombardy Regional Agency for Environmental Protection located in the city of Lecco (around 10 km far form the lake shore), and the discharge of the principal inflows was obtained from applying the hydrological model SWAT, previously calibrated, to the catchment (Salerno 2005) .
The limnological campaign consisted of taking profile data at the deepest point of the lake. Hydrochemical parameters (nutrients, organic carbon, pH, oxygen, conductivity) were measured in the water column at fortnightly intervals during maximum summer stratification and at monthly intervals during the rest of the year. Phytoplankton and zooplankton populations were concurrently sampled. The same sampling schedule was also applied to the principal tributaries. For details on the analytical methods see Legnani et al. (2005) . Water temperature data were measured in continuous (every 15 minutes) by a thermistor chain at the point of maximum depth as well as on the principal tributary (every 30 minutes). Figure 2 reports the first results of the hydrodynamics model for 2002. Surface temperatures varied from 4.5 °C at the beginning of February (maximum winter overturn) to 28.9 at the end of June (during maximum stratification). The comparison between field and simulated data related to the lake surface layer shows an excellent model performance (R = 1, N = 257) during the most of the year indicating a good simulation of the surface heat budged. On the bottom the seasonal temperature cycle is more smoothed with temperature ranging from 4.3 (at winter overturn) to 6.3 °C (after the Tab. 1. Principal parameters of the phosphorus-phytoplankton model. onset of thermal stratification). The principal lack in model performances seems to be the inability in simulating the slight temperature increase during spring (weak stratification). This mismatch between field and simulated data is likely due to the use of daily averaged meteorological data instead of sub-daily data (not available for the whole simulated period) which smoothed the effects of the meteorological driving forces. In particular the simulation of mixing events driven by the wind action is highly sensitive to the temporal resolution of the input data (Imberger 1994) . A possible explanation of the model failure is so a raw description of the turbulent kinetic energy budget along the water column during the period of weak stratification. After the onset of a stable thermal stratification, and the heat exchange reduction between upper and lower layers, a difference of around 2 °C persist for the rest of the year. The comparison between field and simulated PO 4 concentrations data are shown in figure 3 where it is seen that the model reproduced the seasonal trends of both the surface and bottom layers rather well. The model clearly accounted for the surface nutrient depletion, principally due to the phytoplankton uptake, and the bottom nutrient enrichment due to remineralization and release from sediments. In the surface layer (R = 0.7, N = 17) a better agreement was reached in the second half of the year when the difference in concentrations were constantly below 6 µg P l -1 . On the bottom (R = 0.9, N = 16) the field data showed some variability that was absent in the simulated concentrations. Two reasons can be put forward to account for the different behavior of measured and simulated data. First, the sharp nutrient gradient that characterize the lower layers of the lake (around 30 µgP l -1 between 15 and 22.5 m depth) amplifies differences in concentration due to errors in the sampling depth and second the dynamics of the benthic boundary layer which were turned off in this study. In terms of phytoplankton dynamics (Fig. 4 ) the model reproduced the strong dominance of P. rubescens that represent about 70% of the total Chl-a content. Passing from the chemical to the biological level it has also to be noted a general reduction of the agreement between measured and simulated data, as underlined by the decline of the regression coefficient which moves from 0.7 -0.9 for the PO 4 concentrations to 0.3 and 0.4 for P. rubescens and G2 respectively. This is likely the effects of error dispersion arising from lower (e.g. hydrodynamics) to higher simulated levels (e.g. chemical and biological). Finally the model seems to smooth the peak of the phytoplankton dynamics giving an average response of the phytoplankton behavior. 
RESULTS

Fig. 4.
Comparison between field and simulated data related to P. rubescens and G2 group (7.5 m depth).
DISCUSSION AND FUTURE GOALS
On the basis of the authors' knowledge the PILE project represents the first attempt in simulating the hydrological and trophic behavior of the lake-catchment integrated system as a whole, in an Italian lacustrine environment. Despite the complexity of the system the first results of the in-lake modelling, seems to be encouraging as the model appears to be able to catch some key limnological phenomena related to both hydrodynamics and ecological processes at the seasonal scale. Model failures are likely due the low quality and/or low resolution of the input data for hydrodynamics (Imberger 1994) and to the difficulties in calibrating a number of parameters for the ecological simulations. From this point of view the simulation of only two algal groups represents an evident simplification of the ecosystem complexity as the G2 group is composed of species with different functional and morphological properties. A future goal of the project will be to extend the model simulation to a wider spectrum of algal groups in order to reach a better description of the ecosystem diversification. In general terms to be more effective the application of complex models needs an effort to improve the quality of the driving forces (meteorology and hydrology) and a more efficient relationship between modeler and experimental limnologists in order to reduce the uncertainty of the model parameters.
The future aims of the project will be to gain a better connection between the catchment and the in-lake modelling and to develop a three dimensional model of the lacustrine ecosystem, which seems to be of fundamental importance for the understanding of the lake responses at a sub-daily time scale.
